-Estrogens are disease modifiers in PAH. Even though female patients exhibit better right ventricular (RV) function than men, estrogen effects on RV function (a major determinant of survival in PAH) are incompletely characterized. We sought to determine whether sex differences exist in RV function in the SuHx model of PAH, whether hormone depletion in females worsens RV function, and whether E2 repletion improves RV adaptation. Furthermore, we studied the contribution of ERs in mediating E2's RV effects. SuHx-induced pulmonary hypertension (SuHx-PH) was induced in male and female Sprague-Dawley rats as well as OVX females with or without concomitant E2 repletion (75 g·kg Ϫ1 ·day Ϫ1 ). Female SuHx rats exhibited superior CI than SuHx males. OVX worsened SuHx-induced decreases in CI and SuHxinduced increases in RVH and inflammation (MCP-1 and IL-6). E2 repletion in OVX rats attenuated SuHx-induced increases in RV systolic pressure (RVSP), RVH, and pulmonary artery remodeling and improved CI and exercise capacity (V O2max). Furthermore, E2 repletion ameliorated SuHx-induced alterations in RV glutathione activation, proapoptotic signaling, cytoplasmic glycolysis, and proinflammatory cytokine expression. Expression of ER␣ in RV was decreased in SuHx-OVX but was restored upon E2 repletion. RV ER␣ expression was inversely correlated with RVSP and RVH and positively correlated with CO and apelin RNA levels. RV-protective E2 effects observed in females were recapitulated in male SuHx rats treated with E2 or with pharmacological ER␣ or ER␤ agonists. Our data suggest significant RV-protective ER-mediated effects of E2 in a model of severe PH. sex differences; right ventricular failure; exercise capacity; apoptosis; estrogen receptor PULMONARY ARTERIAL HYPERTENSION (PAH; WHO group 1 pulmonary hypertension) is a sexually dimorphic disease of multifactorial etiology that, if left untreated, results in severe pulmonary vascular remodeling and profound hemodynamic alterations, eventually leading to right ventricular (RV) failure and death (44, 51, 52). Despite the development of several new drugs over the last 20 years, morbidity and mortality of PAH remain high, and the 3-year survival of incidence patients in the modern treatment era is only 54.9% (19).
tifactorial etiology that, if left untreated, results in severe pulmonary vascular remodeling and profound hemodynamic alterations, eventually leading to right ventricular (RV) failure and death (44, 51, 52) . Despite the development of several new drugs over the last 20 years, morbidity and mortality of PAH remain high, and the 3-year survival of incidence patients in the modern treatment era is only 54.9% (19) .
Despite the striking female predominance with female-tomale ratios of 1.4 -4.1:1 in modern registries (reviewed in Ref. 24) , women with PAH exhibit better survival than men (3, 19, 41) . This has been referred to as the "estrogen paradox" of PAH (9) . Interestingly, female PAH patients have a higher RV ejection fraction (RVEF) than their male counterparts (22) , and recent studies demonstrate that the more preserved RVEF in women is a significant contributor to the female survival advantage in PAH (20) . These sex differences in RV function are likely mediated at least in part by biologically relevant effects of sex hormones, evidenced by studies demonstrating correlations of estrogen levels with RV function in healthy postmenopausal hormone replacement therapy users (55) and by studies demonstrating higher CIs in female PAH patients compared with male patients that are not observed in patients older than 45 years (56) . These data suggest that to understand sex differences in mortality of PAH patients, it is imperative to understand the effects of sex hormones on the RV. A better understanding of these mechanisms may lead to novel therapeutic strategies for PAH patients of either sex. In addition, such studies are in line with the recent NIH initiative to reduce sex bias in research (8) .
Although previous studies focused on evaluating estrogens effects in the pulmonary vasculature (reviewed in Refs. 1, 24) , these studies were performed in milder forms of pulmonary hypertension (PH) and did not specifically investigate the effects of estrogens on the RV. However, since RV function is a critical determinant of survival in PAH (54) , specific studies of E2 effects in the RV are needed. To date, only one study specifically investigated effects of E2 on RV function (29) . However, this study was performed using the SuHx mouse model, a model that only incompletely recapitulates the human phenotype owing to its relatively mild degree of RV dysfunction (13, 29, 50) . Furthermore, the study was limited to female mice. We therefore investigated the effects of sex hormones on RV function in male and female animals with severe angioproliferative PH and well-established RV dysfunction, using the rat SuHx model of PAH and RV failure. This model is characterized by several maladaptive processes also observed in human RV failure [e.g., cardiomyocyte apoptosis, inflammation, oxidative stress, capillary rarefication, and mitochondrial dysfunction (6, 7) ] and thus provides a clinically relevant platform to study sex hormone signaling in the RV.
The aims of this study were to determine whether sex differences exist in SuHx-PH and whether E2 exerts beneficial effects on RV function and RV maladaptive remodeling in the failing RV. Since we previously demonstrated that E2 mediates its effects in PH via activation of ERs (23) , and since ERs are present in cardiomyocytes (38) , we also sought to determine the contribution of the 2 ER subtypes (ER␣ and ER␤) in mediating E2 effects on the RV. We demonstrate that sex hormone depletion worsens RV function and RV maladaptive remodeling in SuHx-PH, whereas treatment with E2 has protective effects on these parameters in both sexes. Studies of ER expression and activation suggest a role of both ER␣ and ER␤ in mediating protective E2 effects on the RV, with a more prominent contribution of ER␣. 
Glossary

MATERIALS AND METHODS
Animal care. Studies were performed in age-matched adult male and female Sprague-Dawley rats (175-200 and 150 -175 g, respectively; Charles River, Wilmington, MA). Animals were allowed ad libitum access to food and water for the duration of the experimentation. All animals received care in compliance with the Guide for the Care and Use of Laboratory Animals. All animal experiments were approved by the Institutional Animal Care and Use Committee of the Indiana University School of Medicine.
Su5416/hypoxia exposure and experimental groups. Su5416 (20 mg/kg subcutaneously; dissolved in DMSO; Sigma Aldrich, St. Louis, MO) was administered immediately prior to hypoxia exposure. Hypoxia exposure occurred in a hypobaric chamber (Patm ϭ 362 mmHg; equivalent to 10% FI O 2 ) as described previously (23) . After 3 wk of hypoxia exposure, animals were returned to room air for another 4 wk, followed by exercise testing, echocardiography, and hemodynamic assessment (all described below). Three different sets of experiments were performed: In the main experiment, we tested the role of sex and endogenous sex hormones in male and female SuHx rats, OVX females, and OVX females replete with E2. In complementary experiments, we evaluated whether E2 effects demonstrated in female OVX SuHx rats can be replicated in male SuHx rats and whether these effects can be recapitulated with administration of selective ER␣-or ER␤-agonists. A timeline and overview of the described experiments and experimental groups is provided in Fig. 1 (45) and as confirmed by measurement of plasma E2 concentrations (see RESULTS). Pellets were implanted under isoflurane anesthesia (2%) by sterile technique via a 5-mm skin incision over the nape of the neck. The skin was closed with sterile stainless steel wound clips. Duration of the procedure was ϳ5 min.
Ovariectomy. In selected SuHx females, OVX was performed under isoflurane anesthesia by using sterile technique. Ovaries were resected through small bilateral flank incisions. Through the skin incision, the muscle wall was incised 1 cm lateral to the midline just below the last rib to enter the abdominal cavity. The periovarian fat pad was located and gently grasped and exteriorized. The ovary was identified, and care was taken to not directly handle the ovary to avoid abdominal implantation of ovarian tissue. A single absorbable suture ligature was placed on the ovarian pedicle. While the periovarian fat pad was held with forceps, the fallopian tube between the fat pad and uterus was clamped and crushed by use of mosquito hemostats. Following release of the hemostats, the crushed area was cut with scissors and the fat pad with the ovary was removed. The abdominal wall muscle layer was then closed with absorbable suture. Stainless steel wound clips were used for skin closure. Duration of the surgical procedure was ϳ10 -15 min. OVX animals that also underwent E2 replacement received estrogen pellets during the same session than OVX. Peri-and postoperative pain control was achieved with scheduled doses of ketoprofen (5 mg/kg sq at the time of surgery) and buprenorphine (0.05 mg/kg sq at the time of surgery and 8 and 16 h after surgery, respectively).
Exercise testing. To determine exercise capacity [a clinically relevant marker of RV function and PH severity (26) ], subsets of animals underwent treadmill familiarization running starting at 2 wk prior to the scheduled exercise test date. This consisted of running 5 min/day and 4ϫ/wk at progressively faster pace (6 -20 m/min) and incline (0 -20°). This workload was selected to promote familiarization without promoting a training effect (25) . After the completion of the 4-wk reexposure to room air, animals completed exercise testing for determination of V O2max. Metabolic measurements were obtained by use of an indirect open-circuit calorimetric system (Oxymax, Columbus Instruments, Columbus, OH). A gas analyzer was calibrated with standardized gas mixtures (Praxair, Danbury, CT), and baseline measurements were collected until V O2 consumption stabilized. A graded exercise test was performed, consisting of a stepwise increase in treadmill speed and incline stages every 3 min as follows: Stage I 10 m/min at 0°, Stage II 10 m/min at 5°, followed by an increase by 5 m/min and 5°for each consecutive stage. The test was terminated when V O2 plateaued despite increasing workload, or if the rat was unable to maintain position on the treadmill belt despite three consecutive electrical shocks to the tail without recovery (2) . All V O2max values are expressed relative to body weight, and the highest achieved V O2 was recorded as the V O2max. To avoid confounding acute effects of exercise testing on echocardiographic, hemodynamic, and biochemical end points, at least 2 days were allowed between exercise testing and further assessments.
Echocardiography. Rats were lightly anesthetized with 1-2% isoflurane via nose cone. Two-dimensional short axis and long axis images were acquired by using a high-resolution ultrasound system (Vevo 2100, VisualSonics, Toronto, ON, Canada) equipped with an 18 -38 MHz scan probe. Short axis M mode was utilized to measure RV thickness. Long axis images were used to measure the RVOT at the level of the tricuspid valve at midsystole. Doppler was used to identify maximal velocities within the proximal pulmonary artery and to record VTI; the latter was calculated with Vevo Analysis software on three serial cardiac cycles. Stroke volume (SV) was determined by using the formula SV ϭ VTI ϫ 3.142 ϫ (½ RVOT) 2 , with CO being calculated as CO ϭ SV ϫ heart rate (HR). Upon determination of all echocardiographic end points, rats were recovered from anesthesia.
Hemodynamic assessment and euthanasia. After a recovery period of at least 4 h following echocardiography, RVSP was measured via right subclavian vein catheterization under isoflurane anesthesia (2%) with a 2-F Millar catheter (Millar Instruments, Houston, TX) as described previously (23) . Animals were orotracheally intubated and mechanically ventilated (100% FI O 2 ) during measurements; airway pressures were monitored and kept Ͻ5 cmH2O. All measurements were obtained during euthermia and at normal pH. Mean arterial pressure was measured by left carotid artery cannulation with PE-50 tubing. Once all hemodynamic measurements were obtained, animals were exsanguinated via the arterial line while anesthesia was maintained. Blood was collected in heparinized tubes and then centrifuged at 2,400 rpm for 30 min at 4°C. The supernatant was then centrifuged at 14,000 rpm at 4°C for another 10 min. Plasma was collected and immediately frozen at Ϫ80 degrees for later analysis.
Other in vivo end points. Hematocrit (Hct) levels were determined from arterial blood by use of i-STAT analyzer (Abbott Point of Care, Princeton, NJ). After Su5416 administration, animals were weighed once a week, on the day of exercise testing, and upon euthanasia. Weight gain during PH development is expressed as percentage change from weight upon PH induction [(euthanasia weight Ϫ weight upon Su5416 administration)/weight upon Su5416 administration].
RVH was assessed by measuring the Fulton index (weight of RV divided by weight of the LV plus septum; RV/[LVϩS]) as described previously (23) . Immediately after determination of RV and LVϩS weights, sections of the RV were snap-frozen for further biochemical analyses or immersed in 10% buffered formalin for immunohistochemistry studies.
Pulmonary vascular remodeling. Lungs were flushed with normal saline through a catheter in the PA until clear return was obtained from the left atrium. The left lung was then inflated via the trachea with 10% buffered formalin under constant pressure (20 mmHg), immersed in 10% buffered formalin, and embedded in paraffin. Verhoeff-Van Gieson staining was performed on lung sections. Pulmonary vascular wall area was then determined in a blinded fashion by tracking the inner and outer border of the pulmonary arterial wall by use of Kodak software (ϫ20 objective) and by dividing the measured area (pulmonary wall area) by the entire vessel area (entire area surrounded by outer pulmonary arterial wall border; thus representing pulmonary wall area ϩ lumen area). Pulmonary vascular remodeling was expressed as the ratio of the pulmonary wall area to the entire vessel area. Only vessels Ͻ200 m were included in the analysis. At least 10 vessels per animal were assessed. PAs were identified by proximity to terminal bronchioles or alveolar ducts as described previously (23) . Images were obtained by using a Nikon Eclipse 80i microscope with camera and NIS-Elements 4.0 software (Nikon Instruments, Melville, NY). Timeline, experimental procedures and end points are shown at bottom. SuHx-PH was generated in male or female age-matched Sprague-Dawley rats by administration of Su5416 (Sugen) followed by 3 wk of hypobaric hypoxia [Patm ϭ 362 mmHg; equivalent to 10% FIO 2 ] and 4 wk of reexposure to room air. Subsets of female SuHx rats underwent OVX Ϯ repletion of E2. OVX was performed 1 wk prior to Su5416 administration. E2 pellets were implanted at the time of OVX. Subsets of male rats were treated with E2, PPT (ER␣ agonist), DPN (ER␤ agonist), or vehicle pellets (implanted during a dedicated session 1 wk prior to SuHx induction). Male and female rats not exposed to Su5416 or hypoxia served as controls. Maximal oxygen consumption (V O2max) was determined at least 48 h prior to echocardiography (Echo), hemodynamic assessment, and euthanasia. RVSP, right ventricular systolic pressure; sq, subcutaneously.
Western blotting was performed with the following antibodies: mouse monoclonal anti-vinculin (clone cp74, CalBiochem/EMD Millipore, Billerica, MA); rabbit monoclonal anti-aromatase (Abcam, Cambridge, MA); and rabbit polyclonal anti-Bax (Cell Signaling, Danvers, MA), anti-Bcl2 (Cell Signaling), anti-GPR30 (clone N-15, Santa Cruz, Dallas, TX), anti-ER␣ (clone HC-20, Santa Cruz), and anti-ER␤ (clone H-150, Santa Cruz). Secondary antibodies were anti-mouse horseradish peroxidase (HRP) and anti-rabbit-HRP from GE Healthcare (Little Chalfont, Buckinghamshire, UK) and Cell Signaling, respectively. Tissue was homogenized in ice-cold RIPA buffer (ThermoFisher Scientific, Waltham, MA) containing proteinase inhibitor cocktail (Sigma) and PhosSTOP phosphatase inhibitor cocktail (Roche, Indianapolis, IN). Protein concentration was measured by the BCA protein assay (ThermoFisher Scientific). Western blots were performed as previously described (23) in whole lung homogenates and in tissue homogenates from the RVOT. All primary antibodies were used at a dilution of 1:1,000 in 5% BSA in TBST (25 mM Tris, 1 M NaCl, 1% Tween 20), except for anti-Bax and anti-GPR30 antibodies, which were diluted 1:250 and 1:500, respectively, in 5% BSA in TBST. Secondary antibodies were diluted 1:5,000 in 5% BSA in TBST, except for GPR30 blots, which was used at a dilution of 1:2,000.
Real-time RT-PCR. Total RNA from 10 -30 mg snap-frozen RVOT tissue was extracted using the RNeasy Fibrous Tissue kit (Qiagen, Germantown, MD) and quantified with a NanoDrop 2000 Spectrophotometer (ThermoScientific, Wilmington, DE). To generate cDNA for real-time PCR analysis, 1 g total RNA was reverse transcribed using the SuperScript III First-Strand Synthesis System for RT-PCR (Invitrogen Life Technologies, Carlsbad, CA). Real-time PCR reactions were performed using the Applied Biosystems 7500 Real-time PCR system. TaqMan gene expression assay primers that crossed exon boundaries were selected to avoid contamination of genomic DNA (Table 1) . Changes in mRNA expression were determined by the comparative CT (⌬⌬CT) method. Data were normalized to Hprt1 and expressed as fold change to male normoxia controls.
Caspase-3 activity was determined in RVOT homogenates using a fluorescence-based quantitative caspase-3/7 activity assay (Promega, Madison, WI) as described previously (43) .
RV glutathione (GSH) concentration was determined by using a GSH assay kit (Cayman Chemical, Ann Arbor, MI) on RVOT homogenates according to the manufacturer's instructions. The assay is based on the reaction of GSH with DTNB [5,5=-dithio-bis-2-(nitrobenzoic acid); Ellman's reagent] and utilizes glutathione reductase for the quantification of GSH. GSH concentration was determined by the end point method.
RV GLUT1 expression. GLUT1, a marker of mitochondrial dysfunction and cytoplasmic glycolysis (47) , was measured in cryosectioned RV tissue from the RVOT. After application of 3% BSA blocking solution, anti-rabbit GLUT1 (Abcam no. ab652) was applied at 1:150 dilution overnight at 4°C. Alexa Fluor 568 anti-rabbit secondary (Life Technologies no. A10042, Grand Island, NY) was applied the following day at 1:150 dilution for 45 min in a dark room. Wheat germ agglutinin (a cell surface marker) and 4=-6-diamidino-2-phenylindole (DAPI) were then applied in sequence. Slides were imaged by immunofluorescence microscopy at ϫ40. Imaging thresholds were set to detect staining above the degree of autofluorescence as determined by negative controls. Images were analyzed by a blinded investigator using ImageJ software (NIH, Baltimore, MD). Five images per animal were analyzed.
RV estrogen receptor immunolocalization. A piece of the RV free wall apex was immersed in 10% buffered formalin, embedded in paraffin, and sectioned in to 4-m-thick slices. RV tissue was then stained with antibodies for ER␣ (1:200; Abcam) or ER␤ (1:10; Dako, Carpinteria, CA). Dako EnVisionϩ polyclonal rabbit kit and EnVisionϩ monoclonal rabbit kit, respectively, were used for visualization. Images were obtained by using a Nikon Eclipse 80i microscope with camera and NIS-Elements 4.0 software.
E2 plasma concentration measurements. Plasma samples were thawed on ice and E2 levels were measured by using Calbiotech Mouse/Rat E2 ELISA (Calbiotech, Spring Valley, CO) according to the manufacturer's instructions. The sensitivity of the assay is Ͻ3 pg/ml.
Data and statistical analysis. Results are expressed as means Ϯ SE. Experimental groups were compared by one-way analysis of variance (ANOVA) with post hoc Tukey's or Dunnett's multiple-comparisons test (GraphPad Prism version 6.0b, La Jolla, CA). Where appropriate, 2-way ANOVA was performed. Kruskal-Wallis ANOVA by ranks was performed on nonparametric data. Student's t-test was performed if analysis was limited to two experimental groups. Correlation analyses were performed by determining Pearson's correlation coefficient. Differences at an alpha level of 0.05 (P Ͻ 0.05) were considered statistically significant. Data outliers were identified with GraphPad Prism. If a large number of animals was included in an experimental group, selected biochemical and structural analyses were performed in subgroups of animals only. Tissues for these analyses were randomly selected in a blinded manner by a research technician not familiar with the experimental results.
RESULTS
OVX worsens SuHx-induced increases in RV mass, whereas E2 replacement in OVX rats attenuates SuHx-induced PH. We first investigated whether sex differences exist in response to SuHx. Surprisingly, we found no significant differences between male and female rats with regards to SuHx-induced alterations in RVSP, RVH, or PA remodeling (Fig. 2 , A-C). However, female SuHx rats had less weight gain during PH development ( Fig. 2D ) and lower Hct levels (Fig. 2E ). Removal of endogenous estrogens via OVX, on the other hand, significantly worsened SuHx-induced increases in RV mass and (to a lesser degree) RVSP (Fig. 2, A and B) . E2 repletion in OVX rats had dramatic effects on PH end points and led to a 50 -60% decrease in RV mass and RVSP, respectively (Fig.  2, A and B) . Although SuHx-induced pulmonary vascular remodeling was not affected by OVX, a significant decrease in this parameter was noted in E2-repleted OVX rats (Fig. 2C) . Taken together, these data suggest that endogenous E2 has protective effects with regards to PH development in females and that E2 repletion in OVX females robustly attenuates SuHx-induced PH.
OVX worsens RV remodeling, whereas E2 replacement in OVX rats dramatically improves RV morphology and function. We next sought to evaluate the effects of sex, sex hormone withdrawal, and E2 repletion on RV function. Although 2D echocardiography did not demonstrate sex differences in RV free wall thickness (Fig. 3A) , we noted that female SuHx-PH rats demonstrated better RV function than their male SuHx counterparts, as evidenced by a lower percentage of animals with RV notching (75% vs. 100%; Fig. 3B ) and a 90% higher CI (Fig. 3C ). It should be noted, however, that females also had higher CI at baseline ( 3C); we therefore performed additional testing using twoway ANOVA, which demonstrated that sex did not differentially alter SuHx-induced declines in CI (evidenced by a nonsignificant interaction P value). Similar to its effects on Fulton index, OVX led to a more pronounced increase in RV free wall thickness (Fig. 3A) . OVX also led to a more pronounced decrease in CI ( Fig. 3C ; evidenced by a statistically significant difference vs. female normoxia controls that was not observed in female SuHx). Similar to its effects on RV mass, RVSP, and pulmonary vascular remodeling, E2 repletion in OVX led to a robust improvement in RV morphology and function, evidenced by a 40% decrease in RV free wall thickness (Fig. 3A) , a dramatic decrease in the percentage of animals with RV notching (Fig. 3B) , and a 30% more preserved CI (Fig. 3C) 3D). In conglomerate, these data suggest beneficial effects of E2 on RV morphology, RV function, and exercise capacity in SuHx-PH.
E2 attenuates RV oxidative stress, proapoptotic signaling, metabolic dysfunction, and proinflammatory cytokine expression in OVX rats with SuHx-PH. In an effort to identify underlying mechanisms of E2's protective effects in the RV, we investigated E2 effects on RV oxidative stress, proapoptotic signaling, mitochondrial dysfunction, angiogenesis regulation, and proinflammatory cytokine activation, all of which have been implicated in the pathogenesis of RV dysfunction in PH (5, 15) . We noticed strong trends for OVX to increase total GSH activation (indicating oxidative stress; Fig. 4A ), to increase caspase-3 activation, and to decrease bcl-2/bax ratios (with the latter two indicating increased proapoptotic signaling; Fig. 4 , B and C). Although OVX effects on apoptotic signaling were not statistically significant, it is noteworthy that the OVX group exhibited the highest caspase-3 activity levels and the lowest bcl-2/bax ratios of all experimental groups. Similarly, in real-time RT-PCR studies of angiogenesis and inflammation markers, OVX rats exhibited the most severe decreases in the proangiogenic and inotropic peptide apelin (4, 27) and the most severe increases in the proinflammatory cytokines MCP-1 and IL-6 (Fig. 4, E-G) . In contrast, E2 repletion in OVX resulted in profound and statistically significant 30 -40% decreases in GSH and caspase-3 activation, as well as 100% increase in the bcl-2/bax ratio and 50% decrease in GLUT1 expression [a marker of mitochondrial dysfunction and cytoplasmic glycolysis (47); Fig. 4, A-D] . Though not statistically significant compared with OVX, E2-replete OVX rats exhibited a 30% increase in apelin RNA (Fig. 4E) . Furthermore, E2 repletion in OVX females led to a 50% decrease in MCP-1 RNA and prevented the SuHx-induced increase in this parameter that was observed in the OVX group (Fig. 4F) . Lastly, E2-replete OVX rats exhibited a significant 90% decrease in IL-6 RNA levels (Fig. 4G ). These data indicate potential salutary effects of E2 on RV oxidative stress, proapoptotic signaling, mitochondrial f unction, regulation of angiogenesis and/or inotropic signaling, and proinflammatory cytokine activation.
E2 levels are inversely correlated with increases in RVH and RVSP. Contrary to our original hypothesis, we found no significant sex differences in RVH, RVSP, and pulmonary vascular remodeling in this model of PH. We thus investigated the sex hormone axis in our experimental groups. Interestingly, E2 serum levels in female SuHx rats were decreased compared with healthy controls, resulting in levels similar to those in male animals and OVX rats (Fig. 5A) . Furthermore, when evaluating differences between the lowest and the highest E2 level in each group, we noted that E2 levels in SuHx females showed less fluctuation compared with healthy females (Fig.  5B ). These data suggest that female SuHx rats may be relatively E2 deficient. On the other hand, and as expected, E2 levels in the OVX group were similar to those in male rats, and levels in OVXϩE2 were similar to healthy female rats (Fig.  5A) . Interestingly, female rats with the highest E2 levels tended to have the least pronounced increases in RVH and RVSP, resulting in moderate inverse correlations between serum E2 levels and RVH and RVSP, respectively (Fig. 5, C and D) , and suggesting a relationship between higher serum E2 levels and attenuated PH end points. RV ER␣ expression is affected by hormonal status and correlates with decreased RVSP and RVH as well as increased CO and RV apelin expression. To explain the significant effects of E2 on RV function, we next sought to determine the expression of the two main ERs [ER␣ and ER␤ (24, 37)] in the RV. We noted that normal female controls exhibited increased abundance of ER␣ in the RV than their male counterparts (Fig.  6A ). There was a nonsignificant trend for SuHx to decrease ER␣ in females, whereas OVX SuHx rats exhibited a significant 30% decrease in ER␣ expression (as compared with Fig. 4 . E2 replacement in OVX SuHx rats attenuates RV oxidative stress, proapoptotic signaling, cytoplasmic glycolysis and proinflammatory cytokine activation. Effects of sex, OVX, and E2 repletion in OVX rats on total glutathione (GSH) levels (A), caspase-3 activity (B), bcl-2/bax ratio (C), GLUT1 expression (D), and mRNA levels of apelin (E), MCP-1 (F), and IL-6 (G) in RV homogenates are shown. SuHx exposure, OVX, and E2 repletion were as outlined in Fig. 1 . Male and female rats exposed to neither Su5416 nor hypoxia served as controls. All samples were derived from RV outflow tract. Glutathione activation was determined by glutathione assay. Caspase-3 activity was determined by fluorescence-based quantitative caspase-3/7 activity assay and is expressed as fold change from untreated male normoxia control. Bcl-2/bax ratio was determined by Western blotting and densitometric analysis; a representative Western blot is shown in C, top, with densitometry results from all samples depicted at bottom. female normoxia controls; Fig. 6A ). E2 administration to OVX SuHx rats restored ER␣ levels to values found in untreated female controls (Fig. 6A) . Correlation analyses in female control and untreated, OVX, and OVXϩE2 SuHx rats demonstrated that higher RV ER␣ expression was tightly correlated with decreased RVSP and RVH as well as increased CO and increased RV apelin RNA levels (Fig. 6B) , suggesting a prominent role of ER␣ in mediating E2 effects on the RV. To determine the location of ER␣ within the RV, we performed immunohistochemistry on sections from the apex of the RV free wall. We found ER␣ to be strongly expressed in cardiomyocytes and in coronary artery endothelial cells (Fig. 6,  C-F) . ER␣ expression within cardiomyocytes occurred in a punctate pattern in transverse section and in a striated pattern in longitudinal sections [as has been described for ER␣ in the LV (32, 40) ]. Interestingly, a striking absence of ER␣ was noted in the coronary vascular smooth muscle layer (Fig. 6, E  and F) . RV ER␤ expression, on the other hand, was not affected by sex, PH, or hormone withdrawal or repletion (Fig.  6G) , and consequentially no correlations with PH end points were found (data not shown). As with ER␣, ER␤ was expressed in a striated or punctate pattern in RV cardiomyocytes as well as in coronary endothelial cells (data not shown).
Since recent data indicate that nongenomic E2 effects in nonreproductive systems may also be mediated by the G protein-coupled receptor GPR30 (24, 37), we also investigated Fig. 6 . E2 repletion in OVX rats attenuates SuHx/OVX-induced decreases in RV ER␣ expression, and RV ER␣ expression correlates negatively with RV hypertrophy and RVSP, and positively with CO and proangiogenic and procontractile signaling. A: effects of sex, OVX, and E2 repletion in OVX rats on ER␣ in RV homogenates from SuHx-PH rats. SuHx exposure, OVX, and E2 repletion were as outlined in Fig. 1 . Male and female rats exposed to neither Su5416 nor hypoxia served as controls. RV samples were derived from RV outflow tract. ER␣ expression was determined by Western blotting and densitometric analysis (normalized for vinculin control and expressed as fold change vs. male normoxia control). Representative Western blot is shown at left, with densitometry results from all samples depicted in the bar graph at right. Note that OVX in female SuHx-PH rats was associated with a decrease in RV ER␣ expression, which was attenuated by E2 repletion. Groups are as outlined in legend for . Plasma E2 levels in SuHx-PH. Effects of sex, OVX, and E2 repletion in OVX rats on plasma E2 levels in SuHx-PH rats are shown in A. Plasma E2 levels were measured by Calbiotech E2 ELISA. SuHx exposure, OVX, and E2 repletion were as outlined in Fig. 1 . Male and female rats exposed to neither Su5416 nor hypoxia served as controls. Values are means Ϯ SE.°P Ͻ 0.05 vs. female OVX SuHx (1-way ANOVA with post hoc Tukey's test). B: box-and-whiskers plots of distribution of plasma E2 levels in healthy control females and in intact SuHx rats. In each group (n, 6/group), the difference (⌬) between each measured E2 level and the lowest E2 level in that group was calculated and plotted on the y-axis. Boxes represent 25th, 50th, and 75th percentiles; whiskers represent minimum and maximum E2 levels for that particular group. Note strong tendency for higher ⌬ in control rats compared with SuHx rats. C and D: correlations between plasma E2 levels and RV hypertrophy (determined by Fulton index; see the expression of this receptor in the RV. Although GPR30 was not affected by SuHx in males, we found that GPR30 tended to be decreased in female SuHx animals by 25-45%, with a particularly strong trend for a decrease in untreated SuHx rats (P ϭ 0.06 vs. female normoxia controls; Fig. 6H ). To evaluate whether there is evidence of local estrogen production in the RV, we measured aromatase [CYP19A; the major enzyme responsible for estrogen synthesis (33) ] expression in RV homogenates. Although aromatase expression tended to be the lowest in OVXϩE2 SuHx rats, we found no statistically significant differences between groups (Fig. 6I) .
Since E2 repletion in OVX rats affected lung vascular remodeling (Fig. 2C) , we also investigated ER␣, ER␤, and GPR30 expression in the lung. Western blots on whole lung homogenates did not reveal any significant group differences for ER␣ (Fig. 7A) . ER␤ was higher in normal females than in males but was not affected by SuHx (Fig. 7A) . OVX did not affect lung ER␤, whereas E2 replacement in OVX led to a nonsignificant increase in ER␤. Lung GPR30 expression was increased by SuHx-PH in males and by SuHxϩOVX in females (Fig. 7B ). E2 repletion, on the other hand, abolished the SuHxϩOVX-induced increase in GPR30 abundance, suggesting an inhibitory effect of E2 on GPR30 expression in the lung.
E2 attenuates SuHx-induced increases in RV mass in male rats. In light of our findings implicating E2 as a major modifier of PH end points, and given the dramatic effects of E2 administration on RV function in female rats, we sought to evaluate whether E2 treatment also attenuates RV dysfunction in male SuHx rats. E2 administration to males occurred in a manner identical to that in females (75 g·kg Ϫ1 ·day Ϫ1 via subcutaneous pellets), resulting in levels physiological for adult female Sprague-Dawley rats (Table 2 ). E2 administration led to a robust decrease in SuHx-induced increases in RV mass (Fig. 8A) . Interestingly, E2 decreased neither RVSP (Fig. 8B ) nor pulmonary vascular remodeling (Fig. 8C) , suggesting a predominant RV-directed effect. As described before in our studies in HPH (23), E2 had negative effects on weight gain after PH development (Fig. 8D) . Lastly, E2 treatment was associated with a small but significant decrease in Hct levels (Fig. 8E) . Taken together, these data suggest that E2, while potentially having undesired effects on weight gain and Hct levels in male SuHx rats, and while not affecting PA remodeling, has beneficial effects on RVH.
E2 improves RV function and exercise capacity in male rats. Similar to female rats, E2 treatment was associated with a robust 30% decrease in RV free wall thickness (Fig. 9A) , as well as a robust increase in RV function, as demonstrated by a 30% increase in VTI (a surrogate marker of RV stroke volume; Fig. 9B ), a decrease in the prevalence of RVOT notching (Fig.  9C) , and a doubling of CI (Fig. 9D) . These changes translated into a significant improvement in exercise capacity, as evidenced by a robust 20% increase in V O 2max (Fig. 9E) . In summary, these data suggest beneficial effects of E2 on RV morphology, RV function, and exercise capacity in male rats with SuHx-PH. Viewed in light of the data indicating beneficial effects on RV mass in absence of effects on RVSP and pulmonary vascular remodeling (Fig. 8, A-C) , these data fur- Fig. 7 . Effects of sex, OVX, and E2 repletion in OVX rats on expression of ER␣ and ER␤ (A) as well as GPR30 (B) in lung homogenates from SuHx-PH rats. SuHx exposure, OVX, and E2 repletion were as outlined in Fig. 1 . Male and female rats exposed to neither Su5416 nor hypoxia served as controls. Lung samples were derived from right lung. ER␣, ER␤, and GPR30 expression were determined by Western blotting and densitometric analysis (normalized for vinculin control). Representative Western blots are shown at top, with densitometry results from all samples depicted in bar graphs. Groups are as outlined in legend for Sugen/hypoxia (SuHx)-induced pulmonary hypertension (SuHx-PH) was generated by administration of Su5416 (20 mg/kg subcutaneously) followed by 3 wk of hypobaric hypoxia (atmospheric pressure Patm ϭ 362 mmHg; equivalent to 10% inspired oxygen fraction) and 4 wk of reexposure to room air. 17␤-Estradiol (E2) repletion (75 g·kg Ϫ1 ·day Ϫ1 via subcutaneous pellets) was started 1 wk prior to SuHx. Plasma E2 levels were measured by Calbiotech E2 ELISA. Male SuHx, untreated male SuHx group; male SuHx E2, male SuHx rats with concomitant E2 repletion; male SuHx veh, male SuHx rats with E2 vehicle. Plasma E2 levels from healthy female rats from ther support an RV-directed mechanism of action of E2 in SuHx-PH.
E2 attenuates maladaptive signaling in male RVs. Given the findings of improved RV function in E2-treated male rats, and given our findings of attenuated RV maladaptive signaling in E2-treated females, we hypothesized that E2 would positively affect maladaptive changes in male SuHx rats as well. Indeed, E2-treated males exhibited an attenuation of SuHx-induced alterations in proapoptotic signaling, as demonstrated by a robust increase in bcl-2/bax, as well as a decrease in caspase-3 activity (Fig. 10, A and B) . In addition, E2-treated males demonstrated a significant 30% increase in apelin RNA, suggesting enhanced proangiogenic and inotropic signaling (Fig.  10C) . E2 also tended to exert favorable effects on RV proinflammatory cytokine and GLUT1 expression; however, these effects were not as robust as those observed in female rats (data not shown).
RV-protective E2 effects can be recapitulated by treatment with selective ER␣ or ER␤ agonists. Given our previous findings of ER-mediated protective effects of E2 in HPH (23), and given our data demonstrating ER expression in cardiomyocytes and implicating ER␣ in mediating protective E2 effects in female SuHx rats (Fig. 6) , we tested whether the RVprotective effects of E2 could be recapitulated by treatment with selective ER␣ and ER␤ agonists. We treated male rats with the ER␣-selective agonist PPT or the ER␤-selective agonist DPN in doses previously shown to be effective in rat models of PH (53) . Concomitant experiments were performed in E2-treated rats as well as untreated SuHx rats that were used as reference groups. PPT and DPN vehicle pellets are identical to E2 vehicle pellets found to be without effects in Figs. 8 -10 and for that reason were not separately tested. Interestingly, both PPT and DPN recapitulated beneficial effects of E2 on RV function, as shown by similar increases in CI (Fig. 11A) . Stroke volume index was affected in a similar pattern, even though here the ER␤ agonist, despite a strong trend, did not achieve statistical significance vs. untreated SuHx (Fig. 11B) . RVOT notching was observed in PPT-treated animals in a range similar to that of E2-treated rats (Fig. 11C) . Effects of DPN on this parameter, on the other hand, were less pronounced (Fig.  11C) . Salutary E2 effects on exercise capacity were recapitulated by both PPT and DPN, with PPT being even more potent that E2 or DPN (Fig. 11D) . Both PPT and DPN tended to mimic E2 effects on RVH (Fig. 11E) . Of note, potentially undesired E2 effects on Hct and weight gain were not replicated by PPT or DPN treatment (Fig. 11, F and G) .
On a molecular level, whereas their effects were not as robust as those of E2, neither the PPT group nor the DPN exhibited significant SuHx-induced increases in GSH (P ϭ not significant vs. normoxia control ; Fig. 12A) ; administration of PPT or DPN was thus sufficient in attenuating SuHx effects on this parameter. PPT exhibited similar effects on bcl-2/bax as E2, whereas no such effects were noted for DPN (Fig. 12B) .
Taken together, these data suggest that both the ER␣ agonist and the ER␤ agonist can replicate E2 effects on RV function and exercise capacity, suggesting that both ERs are involved in mediating E2 effects in males. However, the ER␣ agonist appeared to be more consistent and more robust in improving these end points.
DISCUSSION
To our knowledge, this is the first study to comprehensively investigate the effects of sex as well as endogenous and exogenous sex hormones in a model of severe, angioproliferative PH with significant RV dysfunction and failure. Our studies revealed several new findings. First, we demonstrate that whereas neither RVSP nor RV hypertrophy or PA remodeling differ between sexes, there are significant sex differences with regards to RV function, which was superior in females compared with males (demonstrated by a 90% higher CI). Second, we show that OVX tends to worsen relevant PAH end points related to RV hypertrophy and RV function, whereas there was a dramatic improvement in nearly all end points investigated when OVX rats were replete with E2. Third, we demonstrate that E2 attenuates pathogenetically relevant maladaptive RV processes, such as proapoptotic signaling, oxidative stress, cytoplasmic glycolysis, apelin repression, and activation of proinflammatory cytokines. Fourth, we demonstrate that OVX decreases RV ER␣ expression in SuHx rats and that E2 repletion increases expression of this receptor. The significant correlations between RV ER␣ and hemodynamic (RVSP, CO), structural (RVH), and biochemical alterations (apelin expression) strongly suggest a role of this ER in modulating RV function in PAH. Lastly, we show that protective RV effects of E2 can even be elucidated when this hormone is given to male SuHx rats (suggesting a robustness of effects across sexes), and that E2's RV effects can be recapitulated at least in part by treatment with selective ER␣ and ER␤ agonists, again implicating ERs as modulators of RV function in PH. The moderate correlations between ER␣ and PH end points in female rats and the more pronounced effects of the ER␣ agonist in male rats suggest that ER␣ may play a more prominent role in the SuHx-RV than ER␤. A summary of our results is provided in Fig. 13 .
Although RV effects of E2 have been studied in a limited number of prior investigations, these studies were limited by E2 administration to male rats only (23, 53) or by investigation of E2 effects in females with only a mild degree of RV dysfunction (29) . Lastly, a recent study, although investigating sex differences in SuHx rats, did not investigate effects of OVX and/or E2 repletion and did not specifically focus on RV effects (33) . Although these prior studies significantly contributed to the field, our experimental approach has several specific strengths. First, we investigate a wide range of intact and hormone-manipulated male and female animals that allows for a detailed assessment of the role of sex as well as endogenous and exogenously administered sex hormones in PH. To our knowledge, this is the most comprehensive assessment of these factors in severe angioproliferative PH to date. Second, we provide a detailed physiological, structural, and biochemical assessment of our experimental groups. A particular strength is the comprehensive echocardiographic assessment of RV function and the ability to perform V O 2max testing. The latter, to our knowledge, has never been performed in SuHx-PH. As in humans, determination of exercise capacity in experimental PAH is of utmost importance, since it allows for an objective assessment of the functional consequences of the pulmonary vascular and RV abnormalities observed in PAH (26) . Similarly, we investigate E2 effects across a wide range of relevant biochemical and molecular processes, all of which have been implicated in the pathogenesis of RV failure in PAH (5, 15). Third, we were able to achieve E2 levels in E2-treated animals that were similar to those in healthy females and thus well within the physiological range. This is in contrast to a previous study, in which E2 supplementation resulted in supraphysiological levels (29) . Our results suggest that even treatment with physiological doses of E2 in either males or females is beneficial to RV function. We elected to use the Calbiotech assay because of its excellent sensitivity and excellent performance compared with the gold standard method of gas chromatography/tandem mass spectrometry (GC/MSMS) (17) . High accuracy of our measurements is demonstrated by the fact that E2 levels in our samples were consistent with levels previously reported for Sprague-Dawley rats (10, 45) . Furthermore, internal consistency of our samples was demonstrated by the observation that E2 levels in OVX females were similar to those measured in males, and by the finding that E2 levels in E2-repleted OVX rats were similar to those in healthy females.
Through this experimental approach, we were able to expand prior reports of beneficial effects of E2 on RV function in experimental PAH by demonstrating novel antiapoptotic and anti-inflammatory effects, as well as beneficial effects on glutathione activation, cytoplasmic glycolysis, and proangiogenic/inotropic signaling. These changes appear functionally relevant, since they were paralleled by beneficial effects on RV structure, function, and exercise capacity. Furthermore, we characterize the hormonal milieu and RV ER expression in SuHx rats, and we show that RV ER␣ abundance (and to a lesser degree plasma E2 levels) negatively correlates with SuHx-induced RV remodeling and hemodynamic alterations as well as with increases in CO. In addition, ER␣ expression also correlated with the proangiogenic and inotropic peptide apelin. Taken together, these data implicate ER␣ as a potential mediator of E2-mediated RV protection in females. Interestingly, RV-protective effects of E2 observed in female OVX SuHx rats could be replicated when E2 was given to male SuHx rats, Fig. 8 . E2 administration to male SuHx-PH rats attenuates RV hypertrophy but does not affect SuHx-induced increases in RVSP or pulmonary vascular remodeling. E2 effects on RV mass, expressed as RV weight divided by combined weight of left ventricle plus septum [RV/(LVϩS)] (A), RV systolic pressure (RVSP; B) , pulmonary vascular remodeling (expressed as % PA wall area; C), weight gain since Su5416 administration (expressed as % change from pre-Su5416 baseline; D), and hematocrit (Hct; E) in male SuHx-PH rats are shown. SuHx-PH induction and E2 repletion were as outlined in Fig.  1 . PA wall area was determined as outlined in Fig. 2 . Size bars ϭ 50 m. Normox, healthy male control rats (no Su5416, no hypoxia); SuHx, untreated male SuHx rats; SuHx E2, male SuHx rats with concomitant E2 repletion; SuHx veh, male SuHx rats receiving E2 vehicle. Values are means Ϯ SE. *,**,***,****P Ͻ 0.05, P Ͻ 0.01, P Ͻ 0.001, P Ͻ 0.0001 vs. normoxia control; ##, ####P Ͻ 0.01, P Ͻ 0.0001 vs. SuHx (1-way ANOVA with post hoc Tukey's test).
albeit with the effects being somewhat less robust. This may be due to differences in E2 metabolism and/or differences in ER abundance, sensitivity, and downstream signaling (37, 38) . RV effects of E2 in male SuHx rats could be replicated in part by treatment with selective ER␣ and ER␤ agonists, suggesting that both of these ERs are implicated in mediating E2 effects on the RV. However, the respective contribution of the two main ERs to mediating E2 effects in males appears complex. Although both the ER␣ agonist as well as the ER␤ agonist recapitulated E2's effects, the effects of the ER␣ agonist were more consistent and more potent. Nevertheless, some of the effects of the selective ER subtype agonists tended to be less robust than those of E2 (e.g., effects on GSH activation or bcl-2/bax; Fig. 12 ), suggesting that both ERs may need to be activated simultaneously in order for E2 to achieve its maximum effects. Alternatively, non-ER-mediated mechanisms may be involved. This scenario is reminiscent of what has been described with regards to protective effects of estrogens in other organ systems. For example, neuroprotective effects of E2 in the central nervous system (CNS) are mediated through both ER␣ and ER␤, but ER involvement differs between cell types and employs different cellular mechanisms depending on which ER is involved (49) . In addition, estrogen abundance may also affect ER involvement. For example, one paradigm proposed in the CNS is that ER␣ is more important at physiological E2 levels, whereas ER␤ plays a stronger a role at therapeutic levels (36, 49) . Consequentially, neuroprotective effects of estrogens, as well as of selective ER␣-or ER␤-agonists, are currently being investigated for potential therapeutic application in various clinical conditions including multiple sclerosis, another sexually dimorphic disease that, like PAH, is characterized by female disease susceptibility yet better survival (8) .
Similarly, both ER␣ and ER␤ have been implicated in protective E2 effects in the LV, where their contribution appears to be context, cell type, and sex specific (37) . Studies in various models of acute or chronic LV injury (including chronic LV pressure overload) demonstrated antifibrotic, antihypertrophic, anti-inflammatory, antiapoptotic/prosurvival, and antioxidant effects of E2, as well as beneficial effects on mitochondrial function (11, 21, 28, 39, 42, 59) . Furthermore, E2 enhances nitric oxide signaling in the LV (40) , and a recent study suggested that LV inotropic effects of phosphodiesterase (PDE)-5 inhibition in female rodents are estrogen-dependent (48) . Both ERs appear to be involved in mediating E2 protection in the LV (28, 39, 42, 58, 60) .
We found ER␣ to be predominantly expressed in the cytoplasm of cardiac myocytes and to a lesser degree in coronary endothelial cells. This pattern is consistent with what has been reported for ER␣ expression in the LV and correlates with expression in the contractile apparatus (32, 40) . Interestingly, RV ER␣ abundance followed trends in plasma E2 levels, suggesting that E2 levels and the presence of ovaries regulate RV ER␣ expression, at least in part. The observation that RV ER␣ protein expression and E2 plasma levels tended to be decreased in female SuHx rats compared with their healthy counterparts supports the notion that a suppressed E2-ER␣ axis in female SuHx rats may explain the lack of more robust differences in end points between male and female SuHx rats. This observation, combined with the significant correlations of RV ER␣ abundance with RV function end points, suggests that enhancing ER␣ signaling may be a therapeutic strategy to attenuate PH-induced alterations in female RVs. RV ER␤ expression, on the other hand, was not significantly affected by SuHx-PH or hormonal manipulation, suggesting that expression of this receptor is less susceptible to increases in RV afterload and/or endocrine changes.
Even though the RV is embryologically, anatomically, and physiologically different from the LV (16), our studies suggest that estrogens exert similar benefits in the pressure-overloaded RV as in the LV (38) . Specifically, we observed antihypertrophic, anti-inflammatory, antiapoptotic, proangiogenic, and/or inotropic as well as potentially antioxidant effects consistent with those described in the LV. E2 effects on these end points are relevant, since all these pathophysiological processes have been implicated in the pathogenesis of RV failure (5, 47) . The molecular targets of these actions remain to be determined and are the focus of mechanistic studies that are currently ongoing in our laboratory.
Like in the LV, the structural and biochemical changes evoked by E2 in the RV translate into improved cardiac function and improved exercise capacity, underlining their clinical relevance. The novel observation that RV-protective E2 effects are seen even in severe PH suggests that E2-mediated RV protection is not limited to mild PH and mild RV dysfunction [as shown previously (29)]. The clinical implication of these findings is that they may allow for the development of hormonal and potentially even nonhormonal RV directed therapies in early as well as advanced stages of PAH [a current treatment gap and clear area of need in PAH (57) ].
However, protective actions of E2 on the RV cannot be discussed without considering its effects on the pulmonary vasculature. In contrast to the RV, where estrogens appear to be uniformly beneficial, the data on E2 effects on the pulmonary vasculature are discordant, with some studies showing beneficial effects while others demonstrate estrogens to be harmful (1, 24) . Similarly, our data suggest that E2 in SuHx-PH has differential effects on pulmonary vascular remodeling. Although neither OVX nor E2 replacement in males affected this parameter, we did observe a decrease in PA remodeling when E2 was given to OVX SuHx-PH rats. The latter may have contributed at least in part to the improved RV function in E2-replete OVX rats. The biological correlate for these disparate findings of E2 on the PA is unclear, but we speculate that differences in ER expression, ER signaling, or E2 metabolism may play a role. Differential activation or repression of coactivators and corepressors as well as differential expression of target genes may also contribute. The discrepancy in published data as well as the complex relationship between E2 treatment, sex, and hormonal status in our studies demonstrate that E2 actions on the pulmonary vasculature are highly complex and may depend on the endogenous hormonal milieu, pattern of E2 release, and/or E2 concentration in the PA (discussed below). The fact that we did not notice worsening of pulmonary vascular remodeling with E2 in intact SuHx females (as compared with males), E2-treated SuHxϩOVX females, or E2-treated male SuHx animals is reassuring, but in light of data demonstrating worsening PA remodeling with E2 in other models (33; reviewed in Refs. 1, 24), we recognize that the ultimate E2 effect on the pulmonary vasculature may be context dependent. In particular, it may differ based on factors such as sex of the experimental groups, Fig. 10 . E2 administration to male SuHx-PH rats E2 decreases RV proapoptotic signaling and increases RV apelin RNA levels. Effects of E2 on bcl-2/bax ratio (A), caspase-3 activity (B), and apelin RNA in RV homogenates are shown. All samples were derived from RV outflow tract. SuHx exposure and E2 administration were as outlined in Fig. 1 ; treatment groups are as defined in Fig. 8 . Bcl-2/bax ratio was determined by Western blotting and densitometric analysis; a representative Western blot is shown in A, top, with densitometry results from all samples depicted at bottom. Caspase-3 activity was determined by fluorescence-based quantitative caspase-3/7 activity assay and is expressed as fold change from untreated male normoxia control. Apelin RNA was measured by real-time RT-PCR and is expressed as fold change ⌬⌬CT vs. male normoxia control. Values are means Ϯ SE. *,***P Ͻ 0.05, P Ͻ 0.001 vs. normoxia control; #P Ͻ 0.05 vs. SuHx and SuHx veh (1-way ANOVA with post hoc Tukey's test).
animal model used, E2 concentration given, E2 release pattern (e.g., cyclical vs. continuous), and duration of E2 administration. In addition, genetic (e.g., BMPR2 mutations) and environmental factors (e.g., exposure to serotoninergic drugs) more common in women may affect E2 responses in the pulmonary vasculature. Nevertheless, even if E2 were to worsen pulmonary vascular remodeling, such an effect may be tolerable as long as the concomitant RV-protective effects allow for sufficient RV-PA coupling. Ultimately, it is RV adaptation rather than PA remodeling that determines survival in PAH (54, 57) , and in this context E2 clearly seems to facilitate the capacity of the RV to adapt to the increased afterload. Along these lines, it is worth mentioning that E2 also seems to exert beneficial effects on RV remodeling even in studies in which it was shown to worsen the remodeling process in the pulmonary vasculature (61) . Future studies in the pulmonary artery banding model of PAH and RV failure will help to further evaluate E2 effects on the RV in absence of any potentially confounding pulmonary vascular effects. Similarly, studies using pressurevolume loops in SuHx rats will help evaluate RV adaption to increases in afterload.
It is noteworthy that hemodynamic, structural, and biochemical alterations induced by SuHx were much more attenuated in E2-treated OVX rats compared with intact female SuHx rats. Intuitively, one would expect the magnitude of changes end points in these groups to be similar. There are two potential explanations for this observation. First, while achieving physiological E2 concentrations in the OVXϩE2 group, E2 was consistently released via subcutaneously implanted pellets, thus not replicating the physiological cyclical variations in E2 release that are observed in animals with intact ovaries. This may be relevant, since a menstrual cycle-related "estrogen withdrawal phenomenon" has been implicated in the worsening symptoms observed in patients with vascular diseases like migraines (31), Raynaud's syndrome (14) , or angina (30) when their E2 levels decrease during the menstrual cycle. Second, E2 levels in OVX rats, although similar to levels measured in healthy female control rats, tended to be higher than those observed in female SuHx rats. This increase in E2 levels may have been sufficient to elicit more favorable effects. The fact that E2 levels in female SuHx rats tended to be lower than those in normal female rats and similar to those measured in male rats suggests that the female SuHx rats may be relatively E2 deficient. This may explain why several of the end points measured were not different between male and female SuHx rats: E2 levels simply may not have been different enough to elicit significant differences between the sexes. Similarly, the decrease in E2 in intact SuHx females may have limited the effect of further hormone manipulation via OVX. This may explain why several markers of maladaptive RV remodeling in Fig. 4 were not significantly altered by OVX. The reason for the decrease in E2 levels in SuHx females is unclear; this may be a function of a suppressed pituitary-gonadal axis due to severe illness (62) , or it may represent a direct effect of SuHx on E2 production or metabolism.
E2's effects on weight gain appear perplexing. However, E2 has known effects on appetite, insulin sensitivity, and energy expenditure. For example, decreased E2 levels after menopause or OVX are associated with hyperphagia, reduced energy expenditure, and weight gain (35, 46) , whereas E2 replacement, by decreasing food intake and increasing energy expenditure, prevents OVX-induced obesity (35, 46) . Similarly, hormone replacement therapy reverses the metabolic dysfunctions and obesity noted in postmenopausal women (35, 63) . In light of the emerging evidence linking metabolic abnormalities to PAH development (18) , it is conceivable that metabolic effects of E2 may have contributed to the less severe PH phenotype noted in E2-treated animals. On the other hand, E2's effects on weight gain may reflect an unwanted effect that may limit its clinical applicability. The fact that selective activation of ER␣ or ER␤ was not sufficient to affect weight gain suggests that both ERs may need to be activated simultaneously for E2 to exert its effects on weight. E2 effects on insulin sensitivity and lipid metabolism in PAH require further study.
Our study has limitations. First, some of the analyses may have been underpowered, leading to a type 2 statistical error. For example, there were trends for differences in glutathione activation as well as in apelin, MCP-1, and IL-6 RNA that did not reach statistical significance. Studies in a larger number of animals may bring out statistical differences for these end points, but in light of the robust and significant differences in other parameters, we did not pursue additional animal studies. Second, use of RV pressure-volume loops is considered the gold standard for evaluating RV adaptation to increases in pulmonary vascular resistance (57); however, our comprehensive analysis of RV function by echo and exercise capacity (complemented by a detailed analysis of biochemical end points) allows for a robust and clinically relevant evaluation of RV function. Third, the exact mechanism of E2-mediated RV protection in PH remains unclear. Although our studies suggest that both ER␣ and ER␤ are involved in these effects, future studies in genetically modified animals may further dissect the contribution of both ERs and the downstream signaling pathways they employ. On the other hand, given the known sex differences in response to PAH therapies (12, 20, 34) , it would be of interest to determine whether established PAH therapies (e.g., PDE-5 inhibitors or endothelin receptor antagonists) affect E2 levels or mediate their effects at least in part through hormonal changes. Lastly, results obtained in the SuHx model may not be applicable to other models.
In conclusion, we identify estrogens and their receptors as beneficial modulators of RV function in experimental severe angioproliferative PH. These findings may allow for the development of novel RV-directed therapies for both male and female patients with PAH. Dashed lines indicate pathways affected by E2, but not specifically linked to ER␣ or ER␤. *ER␤ may have a more prominent role in male animals. End points depicted in dark gray were positively affected by E2 in both female and male rats; end points depicted in light gray were significantly affected only in females.
